Introduction {#s1}
============

Parkinson's disease (PD) is a progressive neurological condition associated with reduced physical activity and poor mobility. Postural instability severely affects the conditions of these patients because it is associated with an increased risk of falls, immobility, hospitalization and the need for long-term care [@pone.0112065-Lamont1], [@pone.0112065-Tan1], overall reducing the health-related quality of life [@pone.0112065-Soh1].

The pathophysiology of postural instability in PD is not fully understood as it probably depends from a complex interaction between compensatory strategies and the impairment caused by the disease at different levels of the nervous system [@pone.0112065-Benatru1], [@pone.0112065-Fasano1]. Several posturographic studies investigating the centre of pressure (COP), in both static and dynamic conditions, have showed that PD patients sway significantly more than healthy subjects because they tend to exceed their limits of stability to a much greater extent [@pone.0112065-Menant1]. On the other hand, early [@pone.0112065-Schieppati1] and recent [@pone.0112065-Nonnekes1] studies have demonstrated that PD patients have a reduced limit of stability particularly during dynamic conditions, thus supporting the hypothesis that an important role is played by an impairment in appropriately scaling the postural reactions in response to perturbations [@pone.0112065-Beckley1].

In a gravity environment, with a firm base of support, healthy subjects mainly rely on somatosensory information in order to maintain an upright posture [@pone.0112065-Peterka1]. Accordingly, artificially impairing proprioception worsens postural stability and particularly reduces the COP displacements in response to external perturbations during visual deprivation [@pone.0112065-Mohapatra1]. Muscle spindles endings are extremely sensitive to externally applied vibrations, and under such circumstances they convey proprioceptive inflows to the central nervous system that modulate the spinal reflexes excitability [@pone.0112065-Schieppati2], [@pone.0112065-Desmedt1], [@pone.0112065-Burke1] as well as posture [@pone.0112065-Eklund1], [@pone.0112065-Courtine1], [@pone.0112065-SmileyOyen1] or the muscle responses elicited by postural perturbations [@pone.0112065-Beckley1], [@pone.0112065-Nardone1], [@pone.0112065-Bove1]. Similar protocols have been applied in PD patients during either static [@pone.0112065-DeNunzio1] or dynamic [@pone.0112065-DeNunzio2] conditions, obtaining responses similar to healthy subjects, in keeping with a normal integration of the proprioceptive inflow. Notwithstanding, it is known that the postural control of PD patients mainly relies on visual cues, possibly compensating for a proprioceptive impairment [@pone.0112065-Demirci1]. In keeping with a role for proprioceptive impairment in PD, Valkovic et al. [@pone.0112065-Valkovic1], [@pone.0112065-Valkovic2] documented a defective scaling and habituation of postural reactions during either neck or legs vibration, the extent of these abnormalities being correlated with disease progression.

Although there is growing evidence showing that physical activity and exercise programs can improve strength [@pone.0112065-Li1], balance [@pone.0112065-Hirsch1], [@pone.0112065-Allen1], mobility [@pone.0112065-Ashburn1] and quality of life [@pone.0112065-Soh1], [@pone.0112065-Goodwin1] in patients with PD, most studies have shown limited long-term benefits despite short-term gains [@pone.0112065-Morris1], [@pone.0112065-Munneke1], [@pone.0112065-Rochester1]. Therefore, there is a cogent need to find effective and innovative methods for training balance in people with this debilitating and progressive disease [@pone.0112065-Morris2], [@pone.0112065-Morris3].

Alternate vibratory stimulation on trunk muscles has been used for therapeutic purposes in PD, providing an improvement of trunk sway [@pone.0112065-NanhoeMahabier1] or gait [@pone.0112065-DeNunzio2]. In particular, Nanhoe-Mahabier et al. [@pone.0112065-NanhoeMahabier1] have recently investigated the effect of balance training combined with artificial vibrotactile biofeedback on the trunk sway of PD patients and have found that feedback group had a significantly greater reduction in roll and pitch sway angular velocity, thus resulting in a beneficial effects on trunk stability; authors concluded that further studies should examine if these effects increase further after more intensive training and how long these persist after training has stopped [@pone.0112065-NanhoeMahabier1]. Therefore, we can argue that combining a perturbation-based training in association with a wearable postural stabilizer (WPS) providing prolonged muscle mechanical vibrations could improve postural stability in PD.

The present phase II double-blind, double-dummy randomized controlled trial (RCT) tests the feasibility, safety and effectiveness of a standard balance training program combined with the use of a WPS (Equistasi, Milan, Italy). Equistasi is a registered (class 1, ministerial code n. 342577 on 05/08/2010) medical device consisting in a rectangular plate measuring 10×20×0.5 mm and with a weight of 0.17 gr ([Figure 1](#pone-0112065-g001){ref-type="fig"}). The device is exclusively composed by nanotechnology fibers that transform the body temperature into mechanical vibratory energy (\<0.8N, 9000 Hz) able to generate a variation of muscle length of max 0.02 mm [@pone.0112065-Equistasi1], by far within the safety limit (0.12 mm) found to be harmful for human muscles [@pone.0112065-Necking1].

![The wearable postural stabilizer (Equistasi) employed in the present study.](pone.0112065.g001){#pone-0112065-g001}

The present RCT will enable us to examine whether enhancing balance training using a WPS in a rehabilitation setting leads to a clinically meaningful effect in PD patients with balance impairment and is safe, i.e. it does not worsen postural stability.

Methods {#s2}
=======

Design {#s2a}
------

We conducted a double-blind, double-dummy, parallel group RCT with a focus on clinical measures of balance as primary outcome. The study protocol and supporting CONSORT checklist are available as supporting information (see [Protocol S1](#pone.0112065.s002){ref-type="supplementary-material"} and [Checklist S1](#pone.0112065.s003){ref-type="supplementary-material"}). After screening and enrolment, forty patients were monitored for 2 months in order to record the falls rate. Afterward, participants were randomized to receive a 2-month intensive (see below) program of balance training while wearing a WPS (Equistasi) or the identical training program while wearing a placebo device identical to the active one ([Figure 2](#pone-0112065-g002){ref-type="fig"}). Patients were recruited from the Neurorehabilitation Unit of "S. Raffaele Arcangelo" Hospital in Venice, Italy. The trial was approved by the hospital ethics committee (C.E.O.C. Brescia Italy, ref 35/2013) and was registered online at EudraCT (n. 2013-003020-36) and at ClinicalTrials.gov (number not assigned and delayed in being posted online due to the FDA restrictions for devices unapproved in U.S.). Written informed consent was obtained from the participants or from their spouses if they scored less than 25/30 on the Mini Mental State Examination (MMSE) [@pone.0112065-Folstein1].

![The CONSORT flow diagram for this study.](pone.0112065.g002){#pone-0112065-g002}

Participants {#s2b}
------------

Participants were eligible for inclusion if they consented to participation, had PD diagnosed according to the current criteria [@pone.0112065-Berardelli1], Hoehn and Yahr [@pone.0112065-Hoehn1] stage ≥2 on levodopa, and history of at least one fall in the past. Exclusion criteria were: medication-induced dyskinesias (to avoid confounding effects on force platform assessments), presence of co-morbidities preventing mobility or safe exercise (including clinically evident neuropathy and major medical conditions such as malignancies), history of deep brain stimulation (DBS) surgery or other conditions affecting stability (e.g. poor visual acuity or vestibular dysfunction), Hoehn and Yahr stage ≥4 on levodopa, and inability to travel to the physiotherapy venues.

Randomization and blindness {#s2c}
---------------------------

A blocked stratified randomization procedure conducted by a third party and based on the Hoehn & Yahr score was used to allocate participants to one of the two treatment groups (i.e. physiotherapy with or without an active WPS). The two trained assessors and patients were blinded to the group allocation during the whole duration of the study. The study coordinator responsible for WPS placing (M.G.G.) was not blinded to group allocation, but she was not involved in rehabilitation procedures or outcome assessment. The therapists providing the interventions were blinded and not involved in other aspects of the trial (i.e., aims, hypotheses or predictions of the study were not disclosed). Both active and placebo WPSs were identical and did not cause any recognizable sensory sensation, thus guarantying patients' blindness. To test the quality of blinding procedures, the trained assessors were asked to guess the group allocation at the end of the trial and they only guessed 40% of the group assignments.

Intervention {#s2d}
------------

Participants of the two groups received the same 60-minute physiotherapy daily session 5 days a week for 2 months at the S. Raffaele Hospital of Venice, Italy. [Table S1](#pone.0112065.s001){ref-type="supplementary-material"} details the type of daily physiotherapy provided by the hospital physiotherapists. The physiotherapy protocol included 40 minutes' individual sessions designed to improve balance with a perturbation-based balance training program, where patients were asked to voluntary reach their limit of stability in protected conditions and taught how to correctly activate the postural responses to external perturbations. Exercises were preceded by warming up and stretching exercises and followed by cooling down, each epoch lasting 10 minutes. At the beginning of each session, participants were required to sign a form in order to attest their attendance.

While receiving the same physiotherapy, participants were allocated to two groups:

1.  "**Equistasi**": each patient wore 3 Equistasi devices ([Figure 1](#pone-0112065-g001){ref-type="fig"}), applied over the 7^th^ cervical vertebra and on each soleus muscle tendons. These sites were chosen on the basis of previous studies showing changes of the centre of pressure (COP) induced by either leg or paraspinal muscle vibration [@pone.0112065-Courtine1], [@pone.0112065-DeNunzio1], [@pone.0112065-Thompson1].

2.  "**Placebo**": each patient wore 3 inactive devices, applied on the same body sites chosen for the active group.

During the first three weeks of rehabilitation, both groups wore the devices six days a week, 60 (1^st^ week), 120 (2^nd^ week) and 180 (3^rd^ week) minutes a day; during the fourth week onward, they wore the devices for 5 days a week, four hours a day. Devices application was held in the morning, prior to the physiotherapy program; devices were removed on the same day after the necessary time was elapsed, meaning that patients waited in the hospital area after the training session. Medications were unchanged during the whole trial period.

Outcome Measures {#s2e}
----------------

We assessed outcomes at three time points. Baseline (T0) measures were taken within 1 week prior to enrolling. The second assessment (T1) occurred within 1 week after the two-month therapy period. The last assessment (T2) was undertaken two months after T1. T1 and T2 were chosen in order to evaluate the attainment and retention of skills learned during physiotherapy classes [@pone.0112065-Nieuwboer1].

### Instrumental assessment {#s2e1}

As primary measures of outcome for balance, static posturography (stabilometry) was assessed in keeping with current guidelines [@pone.0112065-Scoppa1]. The COP sway in the antero-posterior (AP) and medio-lateral (ML) directions was recorded on a force platform (Milletrix model 2.0-- Rome, Italy) with an acquisition frequency of 50 Hz. Acquisition was performed during upright stance with the patient barefoot with the feet splayed out at 30 degrees, while keeping the arms alongside the body and staring at a fixed point marked on the wall at a distance of one meter at the height of the glabella of each individual. Data acquisition was performed for 51.2 seconds under each condition \[with eyes open (EO) or closed (EC)\]. The following parameters were taken into account: mean COP velocity (m/s) and sway area (mm^2^) and path (mm).

The same equipment was used to evaluate an instrumental version of the functional reach test (FRT) [@pone.0112065-Duncan1], by asking the subject to bend forward while maintaining feet planted in a standing position during both EO and EC conditions. The sway area (mm^2^) and the displacement along the AP axis were taken into account; displacements along the ML axis were also recorded but not taken into account for the analysis, given the notion that PD patients display instability principally along the AP one [@pone.0112065-Abdo1] and considering that patients were asked to bend forward along the AP axis.

### Clinical assessment {#s2e2}

Motor impairment was assessed with the parts II (activities of daily living) and III (motor examination) of the Unified PD Rating Scale [@pone.0112065-Fahn1], the Timed Up and Go (TUG) [@pone.0112065-Podsiadlo1], and the Berg Balance Scale (BBS) [@pone.0112065-Berg1]. Falls Efficacy Scale (FES) [@pone.0112065-Tinetti1] and the Activities-specific Balance Confidence (ABC) [@pone.0112065-Powell1] were administered to measure the fear of falling. Falls were recorded by means of fall diaries of the previous two months. We also quantified health-related quality of life in all participants using the PDQ-39 [@pone.0112065-Peto1]. Other data collected at baseline included age, gender, body mass index (BMI), disease duration, anti-PD medications expressed as levodopa-equivalent daily dose [@pone.0112065-Tomlinson1], cognitive status assessed with the MMSE. All adverse events such as injuries, distress and hospital admissions were verified by phone interview and recorded during the trial period.

Statistical Analysis {#s2f}
--------------------

This clinical trial used a sample of convenience, with the assumption that 40 participants would be ample to explore safety and feasibility. Given the small sample and the lack of normal distribution of most of the variables on Shapiro-Wilk test, non-parametric statistics were used. Absolute values and magnitude of change were compared in both groups at the three time points by means of Mann-Whitney U test. Treatment effect across time points in each group were explored by means of the Friedman analysis of variance by ranks, and in case of statistical significance post-hoc comparisons were carried out with the Wilcoxon signed-rank test. Categorical variables were compared by means of chi-square test. All values were expressed as median (25^th^ and 75^th^ percentiles), with the exception of figures, where mean and standard deviation were chosen to improve clarity of data presentation. IBM SPSS Statistics ver. 20.0 was used for all statistical analyses. All tests were two-sided with a level of significance set at P\<0.05.

Results {#s3}
=======

Twenty subjects were enrolled in each study arm and they did not differ in any of the demographic and baseline clinical and instrumental data ([Tables 1](#pone-0112065-t001){ref-type="table"}--[2](#pone-0112065-t002){ref-type="table"} and [Figures 3](#pone-0112065-g003){ref-type="fig"}--[4](#pone-0112065-g004){ref-type="fig"}). For the sample as a whole, 95.6% of intervention sessions were delivered without differences across study arms (2160 and 2220 minutes on average for Equistasi and placebo group, respectively); sessions were not delivered due to personal reasons or due to illnesses not related to PD. No major adverse event or death was observed during the study period.

![The sway area and the displacement along the AP axis (expressed as value normalized to the baseline) at the instrumental FRT during EO (left panels) and EC (right panels) conditions.\
Data are presented as mean ± standard deviation. Abbreviations: AP: antero-posterior; EC: eyes closed; EO: eyes open; \*: p = .006; \*\*: p = .02; \*\*\*: p = .01 (Wilcoxon signed-rank test).](pone.0112065.g003){#pone-0112065-g003}

![The Falls rate over the 2-month observation period.\
Data are presented as mean ± standard deviation (A) and individual trends excluding patients with no baseline history of falls (B). Abbreviations: \*: p = .03; \*\*: p = .0001; \*\*\*: p = .003 (Wilcoxon signed-rank test); \#: p = .03 (Mann-Whitney U test).](pone.0112065.g004){#pone-0112065-g004}

10.1371/journal.pone.0112065.t001

###### Baseline demographic and clinical variables of the two groups enrolled in the study.

![](pone.0112065.t001){#pone-0112065-t001-1}

                                                     Active group          Placebo group        P
  --------------------------------------------- ---------------------- ---------------------- ------
  Gender                                                7M/13F                 9M/11F          .747
  Age                                             66.5 (64.0; 78.0)      69.5 (65.0; 73.8)     .947
  BMI                                             24.6 (22.9; 27.0)      27.7 (24.4; 29.0)     .060
  H&Y                                               3.0 (3.0; 3.0)         3.0 (2.0; 3.0)      .429
  Disease duration                                 6.0 (4.0; 10.8)         6.5 (4.0; 9.0)      .862
  ≥1 fall during the observation period at T0             16                     12            .300
  MMSE                                            26.1 (24.0; 27.7)      26.4 (25.3; 27.2)     .000
  Total LEDD                                       667.1 (500; 780)     700.0 (356.3; 900.0)   .551
  L-dopa LEDD                                    487.5 (315.0; 690.0)   450.0 (293.8; 600.0)   .892
  DA LEDD                                         120.0 (0.0; 275.0)     175.0 (0.0; 300.0)    .721

Abbreviations: \* Mann-Witney U test was used for the comparisons except gender, which was compared with chi-square; H&Y: Hoehn & Yahr stage; LEDD: levodopa equivalent daily dose; MMSE: mini-mental state examination.

10.1371/journal.pone.0112065.t002

###### Static stabilometry values of the two groups enrolled in the study at each time point.

![](pone.0112065.t002){#pone-0112065-t002-2}

                                                   Equistasi                  Control                     T1-T0                       T2-T0                 T2-T1                                                                                                                                                                             
  --------------------------------- ---- ----------------------------- --------------------- -------------------------------- --------------------- --------------------- --------------------- ---------------------- ---------------------- ----------------------------- ------------------------------------------- --------------------- ---------------------
  **Sway** **area (mm^2^)**          EO   **130.6** **(97.6; 400.2)**   192.0(95.2; 486.4)    **298.9** **(175.2; 473.6)\***   181.3(84.6; 351.8)    165.7(73.6; 743.4)    149.1(62.9; 331.6)     25.2(−141.2; 99.6)    −15.7(−126.5; 377.1)   **155.0** **(88.2; 244.0)**   −**74.3** **(**−**139.7;** **115.8)\*\***   105.2(−21.3; 299.4)   −38.9(−345.2; 50.8)
                                     EC        337.5(90.3 803.8)        257.9(116.3; 892.5)        275.9(142.5; 565.7)         163.2(73.3; 664.1)    246.9(60.7; 595.9)    217.1(105.7; 384.0)    6.0(−314.4; 189.2)    15.8(−157.5; 212.9)        41.6(−289.4; 191.5)                  31.6(−96.2; 240.8)               73.8(−587.0; 172.9)   −8.8(−207.2; 160.8)
  **Sway** **path (mm)**             EO       418.2(278.9; 498.0)       353.5(274.2; 623.6)        409.3(309.0; 567.6)         347.1(295.0; 543.1)   351.9(275.2; 516.7)   314.2(224.5; 606.8)   −22.4(−113.6; 160.7)    2.2(−111.2; 79.5)         51.3(−92.0; 136.7)                  −35.7(−153.5; 103.6)               31.0(−66.9; 82.4)     5.8(−68.6; 78.8)
                                     EC       571.8(321.6; 717.2)       530.3(357.0; 850.2)        461.1(304.3; 774.7)         440.0(308.4; 704.6)   453.0(294.7; 744.9)   414.0(290.2; 883.6)   −13.7(−146.6; 80.5)    −8.2(−110.9; 138.0)        30.1(−195.3; 91.2)                   49.5(−119.1; 121.4)              35.1(−110.3; 59.4)     22.8(−46.8; 93.2)
  **Mean COP** **Velocity (m/s)**    EO          8.2(5.4; 9.7)            6.9(5.4; 12.2)              8.0(6.0; 11.1)             6.8(5.8; 10.6)        6.9(5.4; 10.1)        6.1(4.4; 11.9)        −0.4(−2.2; 3.1)         0.0(−2.2; 1.5)            1.0(−1.8; 2.7)                       −0.7(−3.0; 2.1)                  0.6(−1.3; 1.6)        0.1(−1.3; 1.6)
                                     EC         11.2(6.3; 14.0)           10.3(7.0; 16.6)             9.0(5.9; 15.1)             8.6(6.0; 13.7)        8.8(5.7; 14.5)        8.1(5.7; 17.2)        −0.2(−2.9; 1.6)        −0.2(−2.2; 2.7)            0.6(−3.8; 1.8)                       1.0(−1.7; 2.4)                   0.7(−2.2; 1.2)        0.9(−0.9; 1.8)

Abbreviations: \*: significantly different than T0 (p = .008); \*\*: significantly different than Equistasi (p = .011); COP: centre of pressure; EC: eyes closed; EO: eyes open.

Therapy outcomes in the Equistasi group {#s3a}
---------------------------------------

The combined intervention of balance training plus Equistasi did not modify the parameters of static posturography with the exception of the sway area during EO condition (p = 0.005); on post-hoc T2 these values were significantly lower than T0 (p = 0.008; [Table 2](#pone-0112065-t002){ref-type="table"}). By contrast, a profound effect was found for both the sway area (p = 0.049) and the displacement along the AP axis (p = 0.039) at the instrumental FRT during the EC condition; on post-hoc, these were significantly higher at T1 than T0 ([Figure 3](#pone-0112065-g003){ref-type="fig"}).

As for the other clinical measures, a significant effect was found for UPDRS-II (p\<0.001), UPDRS-III (p\<0.001), BBS (p\<0.001), TUG (p\<0.001), ABC (p\<0.001), FES (p\<0.001), and PDQ-39 (p\<0.001). [Table 3](#pone-0112065-t003){ref-type="table"} details the post-hoc results: overall, a significant improvement was observed at T1 for all the aforementioned scales; at T2 the improvement was retained for the UPDRS-III, BBS, TUG and PDQ-39 whereas UPDRS-II, ABC and FES were comparable than T0 and significantly worse than T1. Finally, a significant effect was found for the falls rate (p\<0.001); on post-hoc analysis a significant improvement was found when comparing T1 and T2 with T0 ([Figure 4A](#pone-0112065-g004){ref-type="fig"}).

10.1371/journal.pone.0112065.t003

###### Clinical variables of the two groups enrolled in the study and their comparisons at each time point.

![](pone.0112065.t003){#pone-0112065-t003-3}

                    Equistasi           Control            T1 - T0        T2 - T0    T2 - T1                                                                                                                                                                                                                                                                             
  ------------- ------------------ ------------------ ------------------ ---------- ---------- ---------- ------------------ ------------------ ------------------- ---------- ----------- ---------- ---------------------------------- ------------------------------- ---------- ------------------ ------------------ ------ -------------------- ------------------ ------
  UPDRS-II\*     20.5(15.5; 25.3)   15.5(12.0; 19.8)   17.5(15.0; 22.8)   **.001**     .058     **.001**   18.5(15.3; 22.8)   14.5(10.0; 18.0)   18.0(12.0; 20.0)    **.001**   **.004**    **.001**           −3.0(−7.0; −1.3)                 −4.0(−6.8; −4.0)            .050     −2.0(−4.0; 1.0)    −2.0(−3.0; −1.0)   .659     2.5(1.3; 4.8)       3.0(1.0; 4.0)     .730
  UPDRS-III\*    42.0(36.3; 48.3)   36.0(24.0; 39.8)   37.0(28.0; 43.8)   **.001**   **.015**   **.001**   39.5(31.3; 51.0)   33.5(23.5; 40.5)   38.0(32.0; 43.0)    **.001**     .071      **.001**          −7.0(−11.8; −3.3)                 −8.0(−11.0; −4.3)           1.0      −2.0(−7.3; 0.0)    −3.0(−5.0; 1.0)    .756     6.0(2.0; 8.0)       4.0(1.0; 9.0)     .621
  BBS∧           43.5(35.3; 45.0)   52.0(48.0; 54.0)   47.0(39.0; 49.0)   **.001**   **.002**   **.001**   45.5(40.0; 48.0)   51.0(47.5; 53.8)   49.0(45. 0; 51.0)   **.001**   **.001**    **.001**       **10.0** **(6.0; 13.0)**          **5.5** **(4.0; 7.8)**       **.026**    4.0(1.0; 6.0)      3.0(1.0; 4.0)     .745    −5.0(−9.0; −1.0)    −2.0(−4.0; −2.0)   .052
  TUG\*          14.6(12.2; 19.1)   12.4(10.7; 15.0)   12.7(12.2; 15.6)   **.001**   **.004**   **.005**   12.8(10.5; 14.7)   11.9(10.2; 13.3)   12.5(10.9; 13.9)    **.001**   **.022**    **.021**           −1.4(−6.3; −0.2)                 −0.8(−1.4; −0.4)            .752     −0.8(−4.8; −0.2)   −0.6(−1.0; 0.1)    .516     0.7(0.1; 1.6)       0.4(0.1; 1.0)     .330
  ABC∧           51.6(42.6; 61.5)   66.3(57.2; 82.2)   51.3(41.3; 73.1)   **.001**     .398     **.001**   56.2(52.5; 64.7)   59.1(53.8; 67.5)   51.3(41.9; 62.5)    **.012**     .444      **.002**       **15.3** **(5.9; 22.7)**        **2.5** **(**−**0.5; 7.3)**    **.004**   1.4(−8.1; 13.6)    −1.9(−11.3; 8.1)   .516   −12.8(−18.4; −8.1)   −3.3(14.4; −0.9)   .194
  FES\*          12.5(9. 5; 17.5)    6.5(3.3; 11.8)    12.0(6.0; 14.0)    **.001**     .063     **.006**   10.0(6.3; 15.0)     7.0(5.0; 12.0)     10.0(4.0; 14.0)    **.001**     .358        .405      −**6.0** **(**−**8.8; −2.5)**     −**2.0** **(**−**3.0; −1.0)**   **.026**   −2.0(−6.0; 1.0)     0.0(−5.0; 2.0)    .745     3.0(1.0; 7.0)       2.0(−2.0; 3.0)    .194
  PDQ-39\*       66.0(48.8; 73.3)   39.0(32.5; 60.5)   53.0(40.0; 68.0)   **.001**   **.039**   **.007**   63.0(36.3; 85.0)   58.0(35.0; 82.5)   59.0(40.0; 84.0)    **.001**   **0.039**   **.001**   −**13.5** **(**−**30. 5; −9.3)**   −**7.0** **(**−**9.8; −3.5)**   **.004**   −6.0(−20.0; 0.0)   −3.0(−6.0; 0.0)    .737    11.0(6.0; 20.0)      3.0(1.0; 7.0)     .052

Bold-typed values represent significant improvement; abbreviations: \*: score reduction means improvement; ∧: score increase means improvement; ABC: Activities-specific Balance Confidence; BBS: Berg balance scale; FES: Falls Efficacy Scale; TUG: timed up and go, UPDRS: unified PD rating scale.

Therapy outcomes in the Control group {#s3b}
-------------------------------------

The combined intervention of balance training plus placebo devices did not modify the parameters of static posturography nor of the instrumental FRT ([Table 2](#pone-0112065-t002){ref-type="table"} and [Figure 3](#pone-0112065-g003){ref-type="fig"}).

As for the other clinical measures, a significant effect was found for UPDRS-II (p\<0.001), UPDRS-III (p\<0.001), BBS (p\<0.001), TUG (p\<0.001), ABC (p = 0.006), FES (p = 0.004), and PDQ-39 (p\<0.001). [Table 3](#pone-0112065-t003){ref-type="table"} details the post-hoc results: overall, a significant improvement was observed at T1 for all the aforementioned scales; at T2 the improvement was retained for the UPDRS-II and BBS, whereas FES, UPDRS-III and ABC were comparable to T0, being the last two also significantly worse than T1; TUG and PDQ-39 at T2 were significantly worse than T1 and T0 ([Table 3](#pone-0112065-t003){ref-type="table"}).

No significant effect was found for the falls rate.

Comparisons between Equistasi and Control groups {#s3c}
------------------------------------------------

At T1, Equistasi group significantly presented less falls ([Figure 4A](#pone-0112065-g004){ref-type="fig"}). The same effect was detected when considering only fallers at T0 (p\<.0001): in the Equistasi group median falls rate dropped from 4 (3; 4) at T0 to 0 (0; 1) at T1 and worsened again at T2 \[4 (1; 3.75)\]; by contrast, in the Control group median falls rate did not change, being 3 (2; 5.5), 3 (2; 4.5) and 3 (2; 5) at T0, T1 and T2, respectively ([Figure 4B](#pone-0112065-g004){ref-type="fig"}).

When comparing the between-group magnitude of change, Equistasi patients showed a significant improvement of at T1 in terms of BBS (+45.0%, p = .026), ABC (+83.7, p = .004), FES (−33.3%, p = .026) and PDQ-39 (−48.8%, p = .004) ([Table 3](#pone-0112065-t003){ref-type="table"}). No other significant differences were found.

Discussion {#s4}
==========

The present RCT has shown that enhancing balance training using a WPS in a rehabilitation setting is safe and might lead to some clinically meaningful effect in PD patients with balance impairment. Although both groups with an active and placebo WPS improved at the end of the rehabilitation period and we did not find significant between-group differences in the principal posturographic measures with the exception of higher sway area and limit of stability on the instrumental functional reach test during visual deprivation at T1, we found an overall improvement in many secondary endpoints only in patients enrolled in the Equistasi group. Specifically, we found a significant improvement at T1 on BBS, ABC, FES and PDQ-39, a sustained improvement at T2 of UPDRS-III, BBS, TUG and PDQ-39, and a significant and sustained reduction of the falls rate. By contrast, patients enrolled in the control group did not experience any falls rate reduction and at T2 only retained the improvement of UPDRS-II and BBS, whereas TUG and PDQ-39 were also significantly worse than baseline.

The rehabilitative programs were delivered successfully with high adherence in both groups and, in keeping with the current knowledge [@pone.0112065-Allen1], balance training significantly improved the key clinical variables in both groups.

Posturography measurements were the principal endpoint of this RCT, given the higher sensitivity and reliability of instrumental results in trials with small sample size. The lack of between-groups differences at the baseline confirms the goodness of randomization already seen on clinical scales. Noteworthy, at the end of rehabilitation statistically significant differences arose in the Equistasi group only. The significant reduction at T2 of the sway area in static-EO condition is difficult to comment in absence of a group of healthy controls and, more importantly, in light of the lack of conclusive data linking static posturography with balance performance and falls in PD patients [@pone.0112065-Nardone2]. In fact, studies have shown either increased, normal or reduced spontaneous body sway [@pone.0112065-Schieppati3], [@pone.0112065-Horak1], indicating that reliability of postural sway during static conditions could be influenced by many factors such as the progression of the disease, pharmacological and non-pharmacological interventions, bradykinesia [@pone.0112065-Paul1] or postural deformities [@pone.0112065-Latt1]. Notwithstanding, the significant reduction of the sway area is in keeping with the reduction of the falls rate, since greater postural sway has shown to be a predictor of falls in PD patients [@pone.0112065-Kerr1].

PD patients have a reduced limit of stability particularly during dynamic conditions, thus pointing to dynamic posturography as a better instrument to capture improvement of balance [@pone.0112065-Schieppati1], [@pone.0112065-Nonnekes1]. Accordingly, our RCT did show a significant increase of the limits of stability in the AP plane at T1 and only in the Equistasi group. Interestingly, the effect was only noticeable in the EC condition, a setting relying on the integrity of the vestibular and proprioceptive system, in keeping with the notion that bilateral Achilles tendon vibration applied in healthy subjects results in a profound effect on trunk, hips and knees displacement in the absence of vision [@pone.0112065-Thompson1]. The limit of stability mainly depends on the size of anticipatory postural adjustments, which have been found to be increased by Achilles tendon vibration in rectus femoris, biceps femoris and erector spinae muscles prior to a fast arm movement [@pone.0112065-Slijper1].

Spindles respond to vibrations as if the muscle is stretched, thus producing a tonic contraction on the stimulated muscle [@pone.0112065-Roll1], [@pone.0112065-Marsden1]. Muscle vibration does not only impact on local spinal cord circuits but it also provides a substantial proprioceptive inflow to different parts of the central nervous system, thus influencing the accuracy of calibrations of action selection and execution of voluntary movement [@pone.0112065-Kording1]. Accordingly, vibration of axial muscles has been proved to produce systematic changes in standing posture [@pone.0112065-Courtine1] and body orientation (the so-called "vibratory myesthetic illusions") [@pone.0112065-Lackner1].

From the aforementioned studies, eliciting proprioceptive inflow by means of vibration has a biological plausibility in patients with PD, although the mechanism for its beneficial effect is largely speculative. Our findings are in keeping with previous researches using vibratory stimulation on trunk muscles for therapeutic purposes in PD, providing an improvement of trunk sway [@pone.0112065-NanhoeMahabier1] or gait [@pone.0112065-DeNunzio2]. These studies have proved that patterned muscle vibrations are able to improve weight transfer along AP or ML axes, whose impairment is a core feature of axial control of PD patients [@pone.0112065-Rocchi1]. In order to deliver vibration trains to the muscles, available studies have adopted battery-operated custom-made systems (generally consisting in vibrating units fixed on the distal tendons by elastic bands and connected to a wearable control unit) [@pone.0112065-DeNunzio2], [@pone.0112065-NanhoeMahabier1]; by contrast, the WPS used in our protocol can be worn for days given the small dimension and the lack of power supply. Therefore, our experimental set up shows for the first time the effects of prolonged chronic externally applied vibrations. On the other hand, PD patients with postural instability respond hyperactively to proprioceptive sensory manipulation when a mechanical vibration is applied to the soleus muscles [@pone.0112065-Valkovic2], thus raising the possibility that the prolonged use of vibration could have impaired balance. In addition, vibration has been shown to change spatial body orientation very fast [@pone.0112065-Thompson1], thus resulting in a postural response known as a "vibration-induced falling" [@pone.0112065-Eklund1], especially when vibration is used to experimentally impair proprioception. In contrast with such assumptions, we found a significant reduction of the falls rate, thus confirming that the positive effects found on the instrumental FRT are clinically meaningful and that the high-frequency and small-amplitude vibration induced by the WPS used in our protocol does not exert detrimental effects on proprioception. PD patients display an impairment of scaling and habituation of postural reactions triggered by lower leg proprioception, whereas they do not seem to present deficits in proprioceptive afferent or central integrative functions [@pone.0112065-Valkovic2]. Notwithstanding, PD-related abnormalities in proprioception might manifest as alteration of kinesthesia, defined as the conscious awareness of body and limb position, motion and orientation in space (for a review see [@pone.0112065-Conte1]). In addition, PD patients have an impaired sense of the timing [@pone.0112065-Fiorio1] and discrimination [@pone.0112065-Jacobs1] of proprioceptive inputs, which can also lead to deficient compensation of mechanical perturbations. The enhancement of the proprioceptive inflow, as that induced by the present vibration protocol with Equistasi, might overcome the subtle impairment in kinesthesia, as previously argued [@pone.0112065-DeNunzio1]. Another potential mechanism of action could be related to the influence on muscular tone, since tendon vibration has been successfully applied in healthy subjects to change muscular tone during voluntary contraction [@pone.0112065-Cordo1] or to improve muscle velocity and strength after training [@pone.0112065-Bosco1].

The improvement of falls rate was retained 2 months after rehabilitation, thus supporting a strong and synergic effect between Equistasi and balance training. Falling is a major determinant of quality and quantity of life in PD patients, but it is often resistant to classic antiparkinsonian treatment and different approaches are currently tried, ranging from medications enhancing the central cholinergic pathways to DBS targeting brainstem nuclei (for a review see [@pone.0112065-Fasano1]). Since rehabilitation still remains the main treatment for balance problems, but it is often ineffective in the long-term, the sustained benefit on the falls rate detected by our experimental protocol deserves attention and needs to be replicated by future studies.

This pilot study has a number of limitations. First, even if testing occurred at peak dose of the morning medications, we cannot rule out the bias introduced by fluctuations in levodopa plasmatic concentration; however, this limitation plays a marginal role in the study results because: 1) it applies to both groups, 2) it is well known that levodopa does not hugely impact on posturography, 2) we excluded patients with dyskinesias, and 4) instrumental changes were paralleled by changes in other clinical measures relying on historical data. Second, though the sample size allowed the detection of significant changes, it is small and our results have to be replicated by larger trial, possibly enrolling patients with an higher number of falls at baseline. Third, even if the physiotherapy program for balance training was conducted in according with published guidelines, the execution of exercises were influenced by therapists expertise and patients' motivation, meaning that our protocol does not necessarily reflect the clinical practice in other parts of the world. Finally, WPS were only tested on the neck and soleus muscles and not in other muscles involved in posture control; in fact, it had been demonstrated that vibration applied to the ankle or trunk muscles alone produces different effects on posture or gait [@pone.0112065-Ivanenko1]; in addition, it is known that these effects are modulated by the frequency of stimulation (typically 100--200 Hz) and to the best of our knowledge no study has employed the very high frequency delivered by Equistasi. Future protocols should compare the effects of vibrations applied on different muscles as well as different frequencies of vibration.

In conclusion, this pilot RCT shows that a physiotherapy program based on perturbation-based training in association with focal mechanical vibration exerted by a wearable postural stabilizer appears to be safe and tolerated; in addition, although it fails to prove superiority in most of primary endpoints, it resulted effective in improving clinical variables assessing self-confidence of balance, disability and falls rate, overall positively impacting on the health related quality of life. This preliminary investigation provides encouraging data on the feasibility and safety of our protocol, thus supporting the development of a large scale RCT. Future studies are certainly needed and will expand our knowledge on the mechanisms of action of WPS, on the exposure time needed to achieve a meaningful improvement and on its long-term duration.
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